refers to the progressive cellular damage caused by reactive oxygen species, which contributes to protein misfolding and evokes functional abnormalities during cellular senescence of the RPE cells [1, 2] . A disturbance of cellular homeostasis in the postmitotic RPE cells is involved in the development of age-related macular degeneration (AMD), which is the most common cause of blindness in developed countries [1, 3] .
The efficient removal of misfolded proteins from the cytoplasm is critical for cellular survival and adaptation. Cells can avoid the accumulation of potentially toxic misfolded protein aggregates by accessing a battery of mechanisms. One of the most important of these is the suppression of aggregate formation by heat shock proteins (Hsps) , which function as molecular chaperones in cells [4] . The transcriptionally and post-transcriptionally regulated expression of Hsps can be promoted by many different kinds of chemical or physical stresses [5] [6] [7] [8] [9] [10] . The Hsps are divided into different families (Hsp90, Hsp70, Hsp60, Hsp40 and small Hsps), according to their function, molecular size and cellular localization [11] .
Cellular proteins are continuously synthesized and degraded during the lifespan of the cell [12] . The control of protein turnover is particularly important in post-mitotic cells, where the accumulation of malfunctioning proteins may be highly detrimental to cell survival [13] . [14] [15] [16] [17] . During RPE cell senescence, the accumulation of lysosomal lipofuscin correlates well with the pathogenesis of AMD [1] . Many studies have demonstrated the importance of lysosomes for proteolysis in RPE cells [18] [19] [20] [21] [22] [23] [23, 24] .
Four different systems take care of protein degradation in eukaryotic cells: (i) proteasomes, which degrade the majority of long-and short-lived normal and abnormal intracellular proteins, (ii) mitochondrial proteases, which degrade the majority of mitochondrial proteins, (iii) calcium-activated calpains, which degrade membrane and cytoskeletal proteins and several membrane-associated enzymes and (iv) autophagy and lysosomes, which degrade whole cell organelles, membrane proteins and endocytosed proteins

. The accumulated lipofuscin probably has multiple secondary detrimental effects on RPE cells. It has been shown that lipofuscin prevents cellular renewal and promotes the misfolding of intracellular proteins by increasing the sensitivity of RPE cells to oxidative stress
Macroautophagy, microautophagy and chaperone-mediated autophagy are the principal pathways to deliver cytoplasmic material for lysosomal degradation in mammalian cells [25, 26] . During macroautophagy, cytoplasmic structures are segregated within autophagosomes, which deliver their contents to lysosomes, while in microautophagy, small portions of cytoplasm enter lysosomes via invagination of the lysosomal membrane. One of the molecular chaperones, Hsc73, delivers specific proteins into lysosomes during chaperone-mediated autophagy [25, 26] .
Although the connection between stress and degeneration of RPE cells is well known, the role of proteasomes and autophagy in protein turnover in RPE cells is largely unexplored. Hsps are closely linked to proteasome-mediated proteolysis, and also to lysosomal protein degradation [25, 26] . Should the Hsp-linked protein folding fail, misfolded proteins are first tagged with a polypeptide called ubiquitin (Ub) and subsequently transferred to proteasomes for degradation [13, 27] . In fact, it is believed that up to 80-90% of all intracellular proteins are degraded by the ubiquitin-proteasome proteolysis machinery [15, 16] [30] , propagated and purified [31] . The integrity of the construct was determined initially by restriction endonuclease digestion analysis and finally sequencing the junction sites and the entire inserted Hsp70 ORF. 
The plasmid was transfected into a subconfluent culture of ARPE-19 cells using FuGENE 6 transfection reagent (Roche) following the manufacturer's instructions. The function of the fusion protein was initially monitored using RT-PCR amplification of a 365-bp fragment flanking one junction and by Western blotting detecting the 887-aa GFP-Hsp70 fusion protein.
Confocal microcopy
ARPE-19 cells were grown on 8-well glass slides (Nunc™, Rochester, NY, USA). Before the plating of the cells, the glasses were treated with collagen
Lysosome isolation
The lysosome fractions from ARPE-19 cells were isolated as previously described [32] (Fig. 1A) . The cellular localization of Hsp70 was studied by phase contrast and immunofluorescence microscopy. A robust accumulation of perinuclear deposits was observed in the phase contrast photographs (Fig. 1B) (Fig. 1C) (Fig. 1C) .
. The Hsp70 staining was observed throughout the nucleus and the cytoplasm, being most intense in the nucleus and in the perinuclear area in MG-132-treated cells
Fig. 1 Hsp70 protein expression and ubiquitin-protein conjugate levels. (A) Total proteins (20 g) of whole cell extracts were examined by Western blot using antibodies against the Hsp70 and ubiquitin of control (C) cells, and cells exposed to 10 M MG-132 for 24 hrs. Phase contrast microscopy and immunofluorescence analysis of (B) Hsp70 (green) and (C) ubiquitin (green) in control cells, and cells exposed to 10 M MG-132 for 24 hrs. Nuclei were stained with Hoechst 33258 dye (blue). Arrows point to protein aggregates. (Fig. 1B). In control cells there was faint Hsp70 immunostaining everywhere. Cells treated with MG-132 displayed an increase in mainly perinuclear Ub-immunoreactivity ranging from a cloud-like appearance to a granular morphology
Proteasome inhibition-induced juxtanuclear deposits were modified by hsp70 mRNA silencing and were stained with lysosomal membrane proteins (Fig. 2A) . The ultrastructure of the cells was examined using transmission electron microscopy. In control cells, no abnormalities were observed, whereas MG-132 evoked a prominent perinuclear accumulation of deposits (Fig. 2B) (Fig. 1) were strongly LAMP-2-positive and partly LAMP-1-positive (Fig. 3) . (Fig. 4) (Fig. 1) are encapsulated in lysosomes (Fig. 3) .
Clearance of perinuclear Hsp70 and ubiquitin-associated lysosomes
We (Fig. 5A) . (Fig. 5B) . (Fig. 6A) Fig. 6B and C) Fig. 6B  and C) , whereas the cells allowed to recover for 48 hrs showed acidic late autophagosome-like structures (Fig. 6D) . The regulatory Fig. 2 (A (Fig. 7) . In addition, we isolated lysosomes from cells that were either non-stressed or exposed to 10 M MG-132 for 24 hrs or exposed to 10 M MG-132 for 24 hrs and then allowed to recover in normal cell culture medium up to 48 hrs. Indeed, we detected Hsp70 in the purified lysosome fractions, especially in lysosomes isolated from proteasome inhibitor-treated cells (Fig. 8) . In line with our previous findings of disappeared perinuclear deposits (Figs 4A, B and 5A) , the Hsp70 expression levels were lower in lysosomal fractions isolated from cells exposed to 10 M MG-132 for 24 and then allowed to recover for 48 hrs (Fig. 8) . In these 
Ammonium chloride might be a rather non-specific inhibitor of lysosomes. To confirm the lysosomal nature of the vesicles accumulating during proteasome inhibition, we used a more specific inhibitor of lysosomal proteolysis, namely bafilomycin (Baf). The cells were exposed solely to 100 nM Baf for 12, 24 and 48 hrs, or to 100 nM Baf together with 10 M MG-132 for 12 and 24 hrs. Moreover, the cells were preincubated with 10 M MG-132 for 12 and 24 hrs and then allowed to recover for up to 48 hrs with 100 nM Baf. The number of autophagy-like structures increased in response to lysosomal inhibition in the RPE cells (Fig. 5B). Transmission electron micrographs showed that proteasome inhibitor-induced accumulated lysosomes had disappeared, and membrane-bound organelles resembling autophagic vacuoles were observed in the cells post-incubated with Baf
To test whether autophagy plays a role in the clearance of the deposits after proteasome inhibition, we used 3-methyladenide (3-MA) to inhibit autophagy. The cells were exposed solely to autophagosome inhibitor 10 mM 3-MA for 12, 24 and 48 hrs, or 10 mM 3-MA together with 10 M MG-132 for 12 and 24 hrs. Moreover, the cells were preincubated with 10 M MG-132 for 12 and 24 hrs and then allowed to recover for up to 48 hrs with 10 mM 3-MA. As expected, no autophagosome-like vacuoles were observed in any of the 3-MA treatments. However, perinuclear lysosomal-like deposits remained in cells post-incubated with 3-MA. (Fig. 5C).
Hsp70 localizes to cytosol in lysosome-rich areas
Because hsp70 mRNA silencing caused changes in perinuclear lysosomes, we wanted to investigate whether Hsp70 would localize with lysosomes. Therefore, a green fluorescent protein (GFP) -Hsp70 overexpression vector was created. The construct efficacy, with two different concentrations (2 g/ml and 4 g/ml), was analysed by Western blotting after 2 and 5 days of transfection in ARPE-19 cells. The highest GFP-Hsp70 levels were observed after 2 days of transfection. Therefore, the duration of transfection was 2 days in further experiments
Confocal microscopy analyses showed the number of acidic LysoTracker-positive vesicles in both control cells and in cells treated with the proteasome inhibitor (Fig. 6B). Intense staining of GFP-Hsp70 was seen in both the cytoplasm and the nucleus in non-stressed cells and in cells exposed to lysosomal or proteasomal inhibition. In addition, our results suggest that GFP-Hsp70 is associated with the lysosomal-rich cytosol (
Fig. 3 Phase contrast microscopy and immunofluorescence analysis of (A) LAMP-1 and (B) LAMP-2 in control cells (C 12h, C 24h), and cells exposed to 10 M MG-132 for 24 hrs. Nuclei were stained with Hoechst 33258 dye (blue). (C) and (D) represent higher magnification of the LAMP-1 and LAMP-2 stainings related to (A) and (B) images
Fig. 4 (A) Phase contrast and (B) transmission electron microscopy of ARPE-19 control cells (C), cells exposed to either 10 M MG-132 for 24 hrs or 10 mM NH4Cl for 24 and 48 hrs, and cells preincubated with 10 M MG-132 and then allowed to remain in normal cell culture medium with or without 10 mM NH4Cl for 24 and 48 hrs. Small arrows point to enlarged lysosomes, medium-sized arrows point to protein aggregates and large arrows show autophagosome-like structures. (C) Transmission electron microscopy of the cells exposed solely to 10
Silencing of hsp70 mRNA increases cell death in response to proteasome inhibition
Finally, we wanted to determine how proteasome inhibition and Hsp70 depletion affect cellular viability. The cells were either nonstressed or exposed to 10 M MG-132 with or without hsp70 mRNA silencing for 24 or 48 hrs. Proteasome inhibition did not markedly affect cellular viability after the 24-hr exposure, but cell death was higher after the 48-hr treatment (Fig. 9) . Interestingly, the depletion of Hsp70 levels increased cell death in the proteasome inhibitor-treated ARPE-19 cells (Fig. 9 ). [36] . In line with previous findings [37] , [9] .
Discussion
In this study, we demonstrate that Hsp70-and ubiquitin-and LAMP-2-positive deposits induced by proteasome inhibitor MG-
There is increasing evidence that an efficient clearance of misfolded protein aggregates is essential for cell survival [38] [39] [40] . Protein aggregates formed at the cell periphery are delivered along the microtubulus network via dynein-dependent retrograde trafficking to a juxtanuclear location, thus forming aggresomes [13, 28] . The expression of Hsps and the development of aggresomes is part of the cellular defence against misfolded proteins [38, 41] .
Marker
Marker [25, 43, 44] . There are three recognized autophagic pathways: macroautophagy, microautophagy and chaperone-mediated autophagy [45, 46] . Of these, macroautophagy is an inducible form of autophagy that degrades proteins in response to various stress conditions [44] . During macroautophagy, a de novo formed double-membrane seals target proteins or organelles into the autophagosome [47] . Final [38] . Several of the proteins identified in the deposits occurring in Alzheimer's disease are also found in drusens (extracellular protein aggregates) isolated from patients with AMD [49] . One of the main RPE cell functions is to contribute to the outer segment renewal by ingesting and degrading the spent tips of photoreceptor outer segments in lysosomes [50, 51] 
